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ABSTRACT: A study 1s made of the performance of a small, mono-
vent rocket ("Hi-Lo") used as an igniter in the NOL ignition
research program, Described are the theoretical and experimen-
tal methods used to predict the transient internal ballistics
of the igniter and to define the physical-chemical and hydro-
dynamic characteristics of the igniter output. The output
parameters evaluated are the rates and quantities of mass and
thermal energy discharged from the igniter during a shot and the
veloclty and flame pattern of the vented igniter products.
Emphaslis 1s placed on the study of lgniter performance resulting
from the use of M2 igniter pellets (small cylinders of double-
base composition),
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The work reported here was carried out under Task RMMP-22064/
212-1/F009-06-04, G/M Ignition Research, A vital part of a
sclentific study of solid-rocket ignition is a quantitative
characterization of the ignition-energy source., This report
treats a performance evaluation made of a rocket-type ignition
system called the "Hi-Lo" igniter, that is used to ignite the
NOL ignition-research rocket. A description is given of the
techniques that can be used to predict the internal ballistics
and what are believed to be important output parameters of the
igniter,

R, E, ODENING
N Y,
(£%§%4%2E§§i ?%ZZQZZZ

BODY
By directi ///

i1




NOLTR 62-189

LIST OF SYMBOLS

Symbols in Roman Letterigg"

linear burning-rate coerficient '
nO?zle exit area
nozzle throat area

coefficient constant in empirical ballistic
correlation (Eq. (12))

exponent constant in empirical ballistic correlation
(Eq. (12)) .

nozzle discharge coefficient

specific heat capacity at constant pressure
diameter

initial pellet diameter

specific enthalpy in the igniter combustion chamber
specific enthalpy at nozzle exit conditions

impetus

.ratio of pellet surface to nozzle throat area

length

initial pellet length

quantity of igniter mass vented from the igniter
initial charge weight of ignition material

change in the quantity of igniter output with time
incremental change in the quantity of igniter output
rate of venting of igniter output

molecular weight of combustion products

111

-,




NOLTR 62-189

LIST OF SYMBOLS (Cont'd)
number of ignition material pellets
linear burning-rate exponent |
pressure

combustion chamber pressure

= maximum igniter chamber pressure

pressure of igniter products at nozzle exit conditions
gas static pressure in non-vent vessel

quantity of thermal energy vented from the igniter

rate of venting of thermal energy from the igniter
universal gas constant

linear burning rate

burning surface of propellant or ignition material
initial burning surface of ignition material
combustion chamber temperature

temperature of igniter products at nozzle exit conditions
reference temperature

gas static temperature in non-vent vessel

surface temperature

time

volume of non-vent vessel

igniter chamber volume (empty)

igniter free volume (loaded)

(V?) = initial free volume in igniter
o .

VE

exit velocity of igniter output
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LIST OF SYMBOLS (Cont'd)

= distance burned

Part II - Symbols in Greek Lettering

Y
A
n

Py
?

= gpecific heat ratio

= packing density

= co-volume

= density of ignition material

time interval




II,

I1I,

NOLTR 62-189

TABLE OF CONTENTS

INTRODUCTION ¢ 000 0000000000000 0000000000008 000000

A,
B.
C.

BaCRSround 0'.0.0000.00000000000000000..00.000.
Description of the "Hi-Lo" Igniter ...eecceee
Scheme for Evaluating Igniter Performance ...

DETERMINATION OF IGNITER INTERNAL BALLISTICS ....

A,

B.

C.

Theoretical Prediction of Igniter Pressuri-

zation 2 000 060000600600 0000000000060606060600060060000

Experimental Studies of Ignition Material
Ballistic and Thermodynamic Properties ......

1., Discharge Coefficient .ceeeeeccovesseccee
2. Gaseous Equation of State ..cceececcecoes
3. Bllrning Rates O 0000600 00060000000 060640000000

Empirical Correlation ....ecceeeceecccccccccs

DETERMINATION OF IGNITER OUTPUT .ieesecececocenses

A,

Mass Output 6 0 000000000000 000060606090 0000000000

1. Quantity Of Mass 06 0000060000000 000060000900
2. Mass Output Rate 2660600600000 00060000000000

a. Theoretical MOdel O 0 0600008000000 0600000
b. Measured Igniter Pressurization .....
¢, Pressurization of a Non-Vent Vessel,,

Output Of Themal Energy 00 6000000000000 000 00

10 General 0 0000006006060 06606006000800000000000000
2. Quantity of Thermal Energy ...eceecceecece
3. Thermal'Energy OUtPUt Rate s000000000000 0
Exj-t VeIOCity 0000600000000 0000000600000 00000

1, Gas Exit VEIOCIty se00000000000000000000 e
2. Exit Velocity of Non-Gaseous Products ...

Flame Pattem OO 000000060000 060600 006000000000 000

vi




NOLTR 62-189

TABLE OF CONTENTS (Cont'd.)

SUMMARY 00.0..0.00..000.0;.............0..0....0
FUTURE WORK AND RECOMMENDATIONS .s.eceeeccccvcss
ACKNOWLEDGEMENT 00060000000 0006000600000 0060060000000

REFERENCES 00000000 00606060000600000006006000000000000

FIGURE 1

FIGURE 2
FIGURE 3

FIGURE 4

FIGURE 5

FIGURE 6

FIGURE T

FIGURE 8

FIGURE 9

FIGURE 10

FIGURE 11

FIGURES
An Exploded-View Photograph of the "Hi-Lo"

Igniter 60 00000000000 0600060000000 0000600600000000

A Schematic Drawing of the "Hi-Lo" Igniter ...

A Block-Diagram Outline of the Igniter-
Evaluation Scheme G0 0 00 800000000000 000 00060 000

Theoretical and Experimental Pressure-Time
Curves for the "Hi-Lo" Igniter .ececececscsees

A Plot of Discharge Coefficient vs Igniter
Maximum Pressure for M2 Ignition Material ,...

A Plot of Discharge Coefficient vs Igniter
Maximum Pressure for Ignition Material B .....

An Analysis of the Gaseous Equation of State
for Ignition Material B Combustion Products
USing ClOSGd-Bomb Experiments c0 0000000000008 0

A Plot of Igniter Maximum Pressure vs KA for
M2 Material 00..0..0...0.0....000..0..0.0.‘000

A Plot of Igniter Maximum Pressure vs KA for
Ignition “aterial B 000 00000000000 000000000000

A Plot of Igniter Maximum Pressure vs KA for
Ignition Material C ® 000000 0000006000060 00000000

A Plot of Mass and Thermal-Energy Output Rates
for Igniter Shots Using M2 Material ..eoeccecee




FIGURE 12
FIGURE 13

FIGURE 14

FIGURE 15

FIGURE 16

Table 1

Table 2

Table 3

Table 4

* NOLTR 62-189

TABLE OF CONTENTS (Cont'd.)

A Photograph of the Non-Vent Vessel .veeesss

A Typical Pressure and Temperature-Time
ReCOI'd fOI‘ a Non-Vent VeSSel ShOt 06000000000

A Photograph of the Transparent Motor and
High-speed Camera o 00006000600 060800000000 00000

A Plot of Non-Gas Velocity of Igniter Out-
put vs Axlal Distance in the Transparent
Motor into which the Igniter 1s Vented .....

A Photograph of the Igniter Output Flame
Moving Down the Transparent MOotor .cieeceeses

TABLES

A Table of the Physical, Chemical, Thermo-
dynamic and Ballistic Properties of Three
Ignition Materials O 0 0606000060060 0600000060000

Tabulated Shot Data for the Igniter Using
M2 Material @ 00 0008000 00000600 0660900 600000009000

Tabulated Shot Data for the Igniter Using
Ignition Material B 00 & 00000000060 000010000000

Tabulated Shot Data for the Igniter Using
Ignition Materlal C ,.ceveveecconcsonccccnes

viiil

Page
34

35

42

4y

46

10

.——JL




NOLTR 62-189

I. INTRODUCTION

A, BACKGROUND

The objective of the NOL ignition research program is to
provide design criteria for solid-rocket igniters. The program
1s based on a scientific study of the physical-chemical and
hydrodynamic phenomena that take place when a rocket is ignited
by a rocket-in-rocket type ignition system. The plan of the
program is to make theoretical and experimental studies of:

1. The igniter performance (the internal ballistics and
venting of mass and energy).

2. The distribution of the igniter output in a rocket motor
and the absorption of the energy by the propellant grain,

3. The ignition characteristics of the rocket propellant
exposed to the igniter output.

It i1s hoped that an understanding of these processes, and the
interrelations among them, will result in engineering-type

gorpelations that will describe the function of the igniter in

ignition and thus lead to igniter-design criteria.

Before a practical scientific study of rocket ignition is
possible it 1s necessary to have a realistic ignition system of
predictable performance., In the past, some of the devices that
have been used as igniters by various researchers are: the arc-
image (3,4), the locked-stroke (adiabatic) compressor (5,7), the
shock-tube (6,14), and the rocket-in-rocket system - a small
rocket used to ignite a larger rocket (8,11,19).

In the NOL ignition work, a type of rocket-in-rocket igni-
tion system called the "Hi-Lo" igniter is used. This igniter
derives its name from the fact that its chamber pressure
remains higher than that in the rocket to be ignited during all
or part of the ignition interval; that is, the period when the
rocket 1s approaching its equilibrium chamber pressure. The
igniter can best be described as a small mono-vent rocket that
uses propellant or pyrotechnic pellets as ignition material.

To date, the emphasis of the research has been on the evalu-
ation of the performance of the "Hi-Lo" igniter. The methods
used for this evaluation and the progress made in characterizing
the igniter performance are the toplcs of this report.
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The "Hi-Lo" igniter was chosen for the NOL program because
it offers several advantages:

1. Ignition energy can be suppllied to a rocket under the
wide variety of thermodynamic and hydrodynamic conditions
needed for a comprehensive and realistic study of the ignition
phenomenon.,

2. Many of the ballistic equations used to describe large-
rocket performance can also be used to predict the igniter
internal ballistics and output.

3. The pressurization of the igniter can be made indepen-

dent of the rocket pressurization over the ignition interval by .

a proper choilce of the internal-ballistic parameters of the
igniter,

L, The operation of the igniter during the ignition
interval i1s such that the most efficient use of the igniter
output by the rocket grain can be realized. This 1s so because
the igniter delivers 1ts output at a maximum rate when the grain
is most receptive and at a decreasing rate when the motor is
approaching its operating pressure.

5. Rocket-in-rocket igniters have been used successfully
for the ignition of 1in-service rockets., Thus, the use of a
practical ignition system in the ignition research program
provides a direct and immediate application of the research
results to the design of operational igniters.

One disadvantage of using the "Hi-Lo" ignitepr as a research
tool, however, is that the pressurization of the igniter by the
ignition-material combustion products 1s a completely transient
process, This 1s the result of the short duration of the com-
bustion process, heat losses, the regressive-burning character-
istics of the ignition pellets, and to a lesser extent, the
change in the combustion-chamber free volume as the igniter
pellets burn, The end result of this transient behavior is
that the Internal-ballistic equations used with large, long-
burning rockets must be modified, or at least carefully evalua-
ted, before they can be applied to an analysis of the "Hi-Lo"
igniter performance. This is particularly true if the ignition
material used produces significant amounts of non-gaseous
combustion products.
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B, DESCRIPTION OF THE "HI-LO" IGNITER

The general design characteristics of the NOL "Hi-Lo"
igniter are illustrated in a photograph (Fig. 1) and a cross-
sectional view (Fig. 2). The basic design features are: a
small, barrel-shaped combustion chamber %maximum volume of 20ce);
a De Laval nozzle (with variable throat and exit areas); a
ceramic-coated screen between the combustion chamber and the
convergent section of the nozzle (to prevent pellets from "blow-
ing out" of the chamber); and electrodes to conduct electric
current to an exploding bridge wire, squib or "electric match"
used to ignite the pellets in the chamber. The igniter is
designed to withstand a maximum pressure of 680 atm over a
maximum burning time of about 160 milliseconds.

In the NOL program, the performance of the igniter has been
varied (1) by varying the weight of ignition material charged to
the igniter, (2) by using ignition-material pellets of different
sizes and chemical composition, (3) by varying the throat ‘and
exit areas of the igniter nozzle and (4) by varying the volume
of the combustion chamber. By a systematic variation of these
parameters (different "shot conditions") it is possible to obtain
a wide range of igniter output characteristics needed for a fair-
ly complete study of rocket ignition.

Additional information on the igniter design (12,16), the
instrumentation designed for use with the igniter (23, and the
role of the igniter in the NOL ignition program (17) have, or
will be, reported.

The ignition material used in the igniter consists of small
cylindrical-pellets. Three different chemical compositions of
ignition material have been studied in the NOL program, One
composition, M2 propellant, is a double-base material (10).
Another composition, speclally developed for the NOL ignition
work, consists of a double-base material and a metal additive
(22). The third composition, a commonly used ignition material,
consists of an oxidizer plus a metal additive (13). 1In this
report, these -last two compositions will be called "Ignition
Materials B and C", respectively.

In Table I, the available (or estimated) chemical, physical,
thermodynamic, and ballistic properties of the ignition mater-
ials are tabulated, As noted from the table, it is possible to
obtain a wide range of solid-to-gas ratios of ignition material
combustion products: ranging from 94% in the case of Ignition
Material C to almost 0% in the case of the M2 composition.
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Ignition Materials B and C were first used in the experi-
mental work since the latter was a commonly used ignition
material and the former appeared to be a promising ignition-
material composition. As wlll be shown, the evaluation of the
igniter output and internal ballistics with the use of these
materials presented numerous complications because of the non-
gaseous phases in the combustion products (see Table 1),
Therefore, it was decided to concentrate on the use of an
ignition material that produces essentially all gaseous com-
bustion products; that is, the M2 material. (The use of an
essentially gaseous igniter output also simplifies the analyti-
cal treatment of the igniter-product distribution in the NOL
research rocket).

Approximately 400 igniter shots have been made using the
three ignition materials. A fast-response pressure probe (a
crystal transducer) 1s used to measure the pressure developed in
the igniter. The response of the probe is fed through an elec-
trometer circuit to a recording oscillograph. A diﬁital-
computer program (IBM 7090) is used to convert the "raw" data
from the probes into pressure-time and integral-pressure-time
data. :

Reproducibility of the lgniter shots, based on at least
three repeats of the same shot condition, is satisfactory. For
Ignition Materials B and C, fired under a variety of shot con-
ditions, the maximum pressures developed in the igniter for the
repeat shots show a standard deviation from the mean of 5% (see
Tables 3 and 4), For M2 pellets, the deviation from the mean is
about +10% (see Table 2), Further refinement of the igniter and
pellet design is planned in order to improve the reproducibility
of the M2 shots even further. '

C. SCHEME FOR EVALUATING IGNITER PERFORMANCE

The objectives of the igniter studies are threefold: (12 to
find the best means of predicting the igniter performance; (2)
to evaluate the relative importance of each performance charac-
teristic in the ignition of a rocket; and'(}? to determine how
much control of the performance characteristics is possible
with the present design of the "Hi-Lo" igniter.

The performance characteristics of the igniter are grouped
into two broad categories: (1) the internal ballistic parameters;
and (2) the output parameters. An understanding of the output
parameters is of major importance since the output directl
affects the ignition of a rocket. Data on the internal-ballistic
parameters are of value in determining the output parameters and

7
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TABLE 2. TABULATED SHOT DATA FOR THE IGNITER USING M2 IgNITION MATERIAL
Mo Ay Ve K A K8  |(Fdmax| s Pdt gn? .
{gm)  } cm2)|(cm3) gm/cc)igm/cc)]( atm L'm-c atm-cm2 )
6.01 0.317] 20,1 | 384 0,378 145 | 445 12,90 | 6,54
6.02 i LD 385 10.377] " 410 -- .- -
600 [ v [ n | I DL 'Y ;T ST Y
6,013 L L ) " v 4] oo =
6.02 u &L o ! 0 440 -- --
5,84 0.317]20.1 374 Jo,364] 136 | 407 == ==
5.85 " 1" " " " 382 ' oo -e
5.82 n v o137 jo.sez| v w21 2,82 6,51
5.82 A O A S RV BT
5.83 A L m 1 v {370 [2,69 6,84
5.83 K " v 1135 [ueo f2.74 [6.71
5,82 v | ow " " L Y73 TR
5.83 n 4 dv foea| v l39 | -- | ..
6.02 0,438 { 20,1 278 {0.378] 105 | 337 o0 oo
4,54 p.3171 " 289 lo.270] 78 | 133 oC --
L, sh mo v fe0 o e f2s | -- | .-
4,5k B v o266 77 Jieg | -- | ..
4,52 " " 289 " 0 146 == .-
4.52 W L " v 1132
4.51 " " 288 0,267 129
4,52 o | {289 o266 v 1125
4,52 “ | n 1288 lo0,267] " 1120
4,53 Lo 1289 o266 v 122
4,53 0 o [ L I BT
4,52 o " n v i
4.53 oo le Jao fow 1v N
4,53 N N YT B B B Y
4,52 il " " n_i2s
4,52 S " “ o 1147
4.53 0 [ @ 0 0 w1119
4.52 ] L LN L B K
4.53 D 0 ! 0 1 131
4, 5k K " " v |is8
4,52 o " " n 1k
4.53 | i O R A5
4,52 [ K L z v e
4,53 b v (o SN B ALY
4,62 A " n L 1Y)
b.52 I " " v o
4.52 KK W N R 1
4,53 S L A O K5,
4,51 0l o o " 135
4,5t L 288 10,264 1 76 1139

3.03 0.317] 10,3] 193 ]0.368] 71 97
4,53 0,438] 20.1| 209 ] 0.268{ 56 87

3.65 0.317] " 233 ] 0.206] 48 48
3.03 " " 193 ] 0.1711 33 33
3.06 " 0 195 10.169] 33 i
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TABLE 4. TABULATED SHOT DATA FOR THE IGNITER USING IGNITION. MATERIAL C

NOLTR 62-189

Mo At | ve | kK | & |k |® par| ©0
(gm) [(em2)|(cm3) el igmie) fa&'vﬂi‘ 4 a-qlgaﬁr'— )
2.59 |.o0794] 20.1] Vi23] 652 7321 281 | 7.6l 15.9
9,50 1.0794] 20,11 1123 6471 7271 356 | 10,7] 11,2
9.55 1.0794] 20.1f anuf ceso] 74 ] 318 | 8.2] 14,7
.02 |.o0798] 20,1 1w eu7 | 720 | 333 | 8,7] 13,8
5,86 ].07941 10,31 7071 .837] s592] 273 ] s5.7] 13,0
5.18 ]1.0197] 20,1] 17544 .305 ] 535 ] 205 | 13.7] 19.1
b6 1,0097) 20,1 2074 ) 253§ s25 | 2u5 | 15.2] k.9
4,42  [,0097] 20.1] 2076 ] 250 [ s21 ] 198 | 13.2] 17.0
b1 1,01971 29,1} 2074 251 | 521 | 190 L 2.7 17.6
k4o 1,0197] 20,1 2074 250 | =194 229 | 11.8] 18,9
b,4o 1,0197] 20,1 2074 ,250 ] s19 ] 243 | 16.3] 13,7
bobo  1,0197] 20,1 2074 .250 ] s19 ] 227 | 15.0] 14.9
5.86  |.ouB4i 20,1] 1119 .349 | 390 [ 243 | 7.8} 15,5
8.85 |.178 | 20,1] w460 .586 ] 270 ] w9 | -- | --
4,13  ].0794| 10,3 482].516 | 249 { 168 | 3,9]13.3
5.88 J.0794] 20,1 | 682 .361 ] w6167 | -- | --
5.86 |.o794] 20,1] e82).350 ) 239 J 172 | -- | .-
5.86  ]1.0794] 20,1} 682 .350 | 239 | 156 | 4.8] 15.4
5.84 207941 20,11 682,348 | 237 | 140 | - ==
5.83  ].0794} 20.1] 682].347 ] 237 | 138 | 5,2 14,1
5,84 228 120,11 423,348 1 142 1917 1 2.8116,1
6,64 1.178 | 20,0 3us].u05 { w0 | o4 | - | --
5,22 t,0794) 20,0 ) w3601 .307 | 13s 1105 | 466,97
5,20 |.079401 20,0 ] u36].306 | 133 | 103 | 4.4]14.9
5.07  |.0794f 20,1 ] 436 ].304 | 133 | 110 | 4.5] 14,58
S04 |.o794] 20,0 | 436 [.302 | 132 ] 110 | 4.6] 14,1
5.15  J.o794) 20,11 436,303 | 132 | 103 | 4,9]13,2
4,41 Jop9u) 20,1 ] si6l,251 ] 130 1125 | 3,6115.4
k43 J.o794] 20,1 ) 516 ].252 | 130 | yio | 3.9} )43
4,14  J.op9u] 20,1 ] 482 J.233 | 112 | 99 | 3.0117.4
5,87 [.178 | 20,1 | 300 |,347 J1o4 | 82 | .. | .-
5,77 1.178 ] 20,0 | 300 |.341 J 102 | 86 | 2,9111,2
3.42 ,0794 | 20,1 | 350 |,188 66 11 2.2116.0
3.40  |,0794] 20,1 ) 350 ).188 | 66 | 70 { 2.6 16,8
5,96 1317 J200f 1750.357 | 62 | 48 | -- | .-
5,90 |.3t7 t20.0] 173 01.353 ] 61 | 48 | o= 1 .
5,92 |.317 20,0 ] 173 1.354 | 61 { 66 | == 1 -
5.91  |.317 12000 ] 173 1,356 | 61 | 48 | - | --
5.93 |.317 |20.0] 171 1.353 | 6o | 48 | -- | ..
5.05  |.178 |20.1] 194 ].303 ] 59 | 64 | oo I .-
5,05 [.178 {200 194 [.303 | 59 [ 48 | -- | .-
4,52 [178 Ja20.0} 230 |.257 } 59 | s0 | oo | .-
b2 178 [2000] 230 f.250 | 58 | eb | 2,0 |12.4
441 178 J20,1 ] 230 f.251 | 8 | 60 | 1.8 13,8
4,41  }.178 J20.1 ] 230 §.251 | o8 | 60 | 1.8 [13.8
4,43 178 120,10 | 230 1,252 58 oo 2 112
w43 |.178 | 20.1] 230] .252] s8] s0 - | -
443 |.317 ] 200 v29].252] 33| 3| -- | --
.61 1.317 | 20.1] reaf.251] 32| 29 -- ] --
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in providing information for modifying or scaling-up the
igniter,

The procedures used to evaluate the performance of the
igniter are summarized in Fig. 3. The evaluation techniques
will be presented according to the following outline:

Determination of Igniter Internal Ballistics

The first section of this report will discuss in order,
the following methods that have been used to characterize the
igniter internal ballistics:

1. Theoretical Prediction of Igniter Pressurization - based
on a model used to describe the BurnIEE ol the Igniter

pellets in terms of the igniter geometry and the physical,
thermodynamic and ballistic properties of the ignition
material. o

2. Experimental Determination of Ignition-Material Ballistic
ans Thermodynamic propervies - éasea on experiments
performed I% a closed-bomb and a non-vent vessel (a rocket
casing with "plugged" nozzle into which the igniter 1is

vented),

3. %Epirical Correlation of Measured Igniter Pressure Data -
sed on empirical equations which relate the maximum
pressure developed in the igniter to the igniter shot
conditions.

Output Parameters

The second section of this report will discuss
the methods that have been used to characterize the igniter out-
put. These methods make use of the internal-ballistic studies
and studies made of the igniter output as it 1s discharged jnto
vented and non-vented vessels,

Based on a study made of the physical-chemical, hydrodynamic
and engineering factors involved in rocket ignition (17), the
characterization of the igniter output has been divided into a
study of four parameters:

1, The MASS Qutput
a, Quantity of Mass - based on a study of the deposi-
tion ang accumulation of igniter products inside

11
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NOLTR 62-189

the igniter.

b. Mass Venting Rate - based on (1) the predicted
(theoretical model) or measured pressurization of
the igniter and sultable ballistic relationships
and (2) the pressurization rate of a non-vent
vessel into which the igniter is vented.

2. The THERMAL ENERGY Output

a. Quantity of Thermal Energy - based on an analysis
of the expansion of igniter products in the igniter
nozzle,

b. Thermal-Energy Venting Rate - based on nozzle-flow
studlies and mass output-rate data.

3. The EXIT VELOCITY of the Igniter Products

a, Gaseous OQutput - based on isentropic-flow rela-
tionships

b. Non-Gaseous Output - based on a photographic study
of the output as 1t is vented into a transparent
motor casing.

4, The FLAME PATTERN Assumed by the Output Products -
based on a photographic study of the ignifer output
flame. :

II, DETERMINATION OF IGNITER INTERNAL BALLISTICS

Relationships that can be used to predict the pressuriza-
tion of the "Hi-Lo" igniter by the ignition combustion products
are of value for two reasons: (1) the pressure-time data can be
used to determine what is vented from the igniter; that 1s, the
output characteristics, and (2) information on the internal
ballistics of this type of igniter can be used to design modi-
fied or scaled-up versions of the igniter with a minimum of
trial and error experimentation. This section will describe two
methods that have been used at NOL to predict the pressurization
of the igniter. One method 1s based on a theoretical descrip-
tion of the production and venting of the igniter combustion
products and results in a predicted pressure-time curve, For
use in this theoretical study (and other ballistic analyses),
experiments were run to determine the ballistic and thermody-
namic properties of the ignition materials. The second method
predicts maximum igniter pressures by means of an empirical

13
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correlation of various igniter parameters.
A, THEORETICAL PREDICTION OF IGNITER PRESSﬁRIZATION

A theoretical model was constructed (23) to describe the
igniter pressurization in terms of the physical, thermodynamic
and ballistic properties of the igniter pellets and the geometry
of the igniter. The object was to develop equations expressing
pressure as a function of time for the combustion of a number of
solid cylindrical pellets. The first model constructed was
based on the usual assumptions used in ballistic work - that 1s:

(1) The combustion products obey the perfect gas law.

(2) No frictional or heat losses occur in the igniter cham-
ber or nozzle,

(3) The ignition material is ighited simultaneously on all
surfaces.,

(4) The pellets burn according to the steady-state, linear
burning-rate equation determined for the material; 1.e.,
no deviations from the burning-rate equation occur as a
result of rapid pressure changes in the igniter.

The burning-rate equation of the pellets 1s
dx/dt = r = a Py (1)
where X 1s the distance burned into the pellet at any time

t 1s time

r 1s the linear burning rate of the ignition material
a i1s the burning-rate constant

n is the burning-rate exponent

PC is the igniter pressure

From geometric considerations
S = N1r(Do - 2x)(Lo+ 1/2Do - 3X) (2)

where S is the total burning surface of the pellets

N is the number of pellets loaded in the igniter
Lo is the initial pellet length
Do is the initial pellet diameter

and

14
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Vg = Vg - Nn/8(D, - 2X)2(L, - 2X) 0

where VF is the igniter free volume Sthe chamber volume minus
the total volume of pellets ‘

VC i1s the igniter chamber volume

Writing a mass balance in the igniter:
MASS ACCUMULATED IN THE IGNITER = MASS PRODUCED -~ MASS VENTED

By substitution of suitable ballistic equations for each of the
terms in the mass balance, the following equation resulted:

_ na _ _ n
ap/dt = [}(achf CpALPo) - (PSarh)] /g (4)
where ppis the density of the pellets -
I is the impetus of the ignition material (flame tempera-
ture x ideal gas constant/combustion-product molecular
weight)

C,, 1s the nozzle discharge coefficient

D
At is the nozzle throat area

Equations 1 through 4 were converted into finite difference
equations and coded for solution on the IBM digital computer.

Check of Theoretical Model

A number of igniter shots were performed in an attempt to
duplicate the data obtalned with the use of the theoretical
igniter model. Pellets of Ignition Material B were used in
this check., The pressure developed in the igniter was measured
for shots in which the following ignition material and igniter
parameters were systematically varled: the weight of ignition
material used in the shot, M_; the chamber volume of the igniter,
V,; the size of the cylindrifal igniter pellets,-L (length),
D”(diameter) and L/D (ratio); and the throat area of the igniter
nozzle, At' The maximum pressures obtained for the shot series
are summarized in Table 3, Most of the listed pressures repre-
sent an average of two or more shots.

Comparison of the experimental and theoretical shot data
indicated that, with the exception of a few shot conditions,
such as those presented in Fig. 4, significant disagreement

15




NOLTR 62-189

EXPERIMENTAL THEORETICAL

8 72 PELLETS OF IGNITION
MATERIAL 8

Lo=.266 IN (0.675 CM)
Do = 104 IN. (0.264 CM)
A, = 01227 IN? (00793 CM2)

PRESSURE
PRESSURE

TIME

W e T

74 PELLETS OF IGNITION
MATERIAL B

Lo =266 IN. (0.675 CM)
Do =104 IN (0.264 CM)
Ay = 0491 IN2 (0.317 CM2)

PRESSURE
PRESSURE

v
a7

I5 PELLETS OF IGNITION
MATERIAL B
Lo=-379 IN. (0962 CM)

Dg=.89 IN (0480 CM)
At = 02761 IN2 (0178 CM?)

PRESSURE
PRESSURE

S880a800sssantatasanszsassasasazsasans

Pis

THIS FIGURE SHOWS CORRESPONDING EXPERIMENTAL AND THEORETICAL
PRESSURE TIME CURVES FOR THREE DIFFERENT IGNITER FIRINGS. THE
VERTICAL AND HORIZONTAL GRID LINES REPRESENT |7 ATMS AND 5
MILLISECONDS, RESPECTIVELY

FIG. 4 THEORETICAL AND EXPERIMENTAL PRESSURE-TIME CURVES FOR
THE "HI-LO" IGNITER
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occurred between predicted and measured pressure data, The
theoretical Pressures of Fig. 5 were computed with the use of

an "adjusted" impetus value to give the best agreement between
the experimental and theoretical results., To explain the dis-
crepancies, the assumptions used in the construction of the
theoretical model were carefully evaluated. It was believed
that the deviations in the pressure data could be attributed
mainly to three factors. First, the theoretical burning-rate
laws for the pellets may not hold when the pressure is varying
rapidly. Some evidence does exist which links burning-rate
deviations with pressure transients (21). Second, the combus-
tion products from the ignition material will deviate from the
ideal gas law when the products contains significant amounts

of non-gaseous materials. Third, deviation from the theoretical
value of the discharge coefficient might occur as a result of
heat losses to the igniter parts, non-equilibrium combustion and
nozzle inefficlency. Fourth, the impetus of the ignition mater-
1al is also affected by any heat losses.

The fundamental studies undertaken to quantitatively
evaluate the first three of these factors are discussed in the
followlng section.

B. EXPERIMENTAL STUDIES OF IGNITION MATERIAL BALLISTIC AND
THERMODYNAMIC PROPERTIES

Experimental studles were undertaken to determine the
ballistic (discharge coefficient and burning rate) and thermo-
dynamic (equation-of-state) properties of the ignition materials.,
The results of these studies were used in the theoretical study
described above and in the ballistic-output analysis discussed in
Section III A2,

1, Discharge Coefficient. Ideally, the nozzle discharge
coefficient, C,, of a propellant or pyrotechnic material depends
only on the thBrmodynamic properties of the combustion products:
primarily, the combustion temperature and molecular weight of the
products and secondarily, the product specific heat ratio,
Studies were made to determine the extent and the nature of the
deviations from the theoretical Cp that may take place in the
igniter. Two types of deviations are of interest: (1) devia-
tions in CD at different igniter-shot conditions and (2)
deviations™in CD during a shot.

a. Variation of Cp With the Shot Conditlon

The determination of C, for the three ignition materials
was made with the use of a Btandard ballistic equation:

17
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Op = Mo/A(JPat) g opas (5)

where Mo 1s the welght of ignition material used in the shot

At is the nozzle throat area

Pdt 1s the value of the pressure-time integral (area
total
under the pressure-time curve)

The major assumptions involved in the use of Eq. 5 are: (1) no
heat losses in the igniter, (2) no friction losses in the nozzle
and (3) ideal gas behavior of the combustion products.

It 1s believed that the main reason for deviations in C. is
the loss of heat to the igniter parts. To explore the effecgs
of these heat losses, an attempt was made to correlate C, values
determined with the use of Eq. (5) to igniter shot paramgters
that might control the heat-transfer process. Two such parame-
ters should be the gas density (inversely proportional to
pressure) in the igniter and the time duration of the shot. The
results of correlations involving the pressure are given in
Figures 5 and 6 in vhich CD 1s plotted against the maximum
pressure, (P developed in a variety of igniter shots using

) max?
pellets of Mg Qﬁé Ignition Material B (see Tables 2 and 3).

Most of the M2 data came from tests in which the igniter
was dlscharged into a non-vent vessel., Since the igniter was
vented into a closed chamber, the final igniter pressure was
greater than atmospheric, Consequently, a small correction was
necessary to allow for gas accumulation in the igniter chamber
at the final pressure. This was done by subtracting from M. the
quantity of gas accumulated - as calculated from the perfec% gas
law,

For both M2 and Ignition Material B, CD is effectively
constant above 150 atms, Below this pressure the C. values

increase sharply: at lower pressures the relative effect of the
heat losses becomes greater as a result of the decreased ratio
of product density to heat-transfer surface in the igniter,
Mean values of CD for these materials over a range of maximum

pressures from 150 to 400 atm. are:
M2 ... 6.71 gm/see-atm-cme

Ignition Material B .,. 8.78 " ]

This range of maximum pressures will be used in the ignition of
the NOL test mocket.

1
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In the case of M2 material, a comparison of the experimen-
tal C., was made to the theoretical value calculated from the
isobaric flame temperature, the specific heat ratio and the
molecular weight reported for the M2 combustion products (10).
The calculated value of 6,42 gm/sec-atm-cm2 compares quite
favorably with the experimental value,

b. Variation of C. During a Shot

Studies have been started to determine the deviation in CD
during a shot. For this analysis, the experimental data from
the non-vent vessel shots described in Section III A2b are used.
The pressure probe in the igniter 1s synchronized with a probe
placed a short distance downstream from the igniter in the
vessel, It 1s assumed that the probe in the vessel instantan-
eously "senses" any change in the igniter pressure. (Because
of the very small volume of the igniter combustion chamber and
nozzle, a change in the igniter pressure is almost simultaneous-
ly reflected in a change in the igniter output to the vessel.)

The C. analysls consists of three steps. First, the mass

output rate over small time intervals 1is determined from the
pressure-and temperature-time data for the igniter output in

the vessel with the use of the ideal gas law. Next, a value of
the pressure-time integral of the lgniter corresponding to any
output interval 1s determined by superimposing the pressure-time
trace measured in the vessel on that measured in the igniter,
Lastly, the values of the pressure-time integral and mass output
for each time interval are substituted in the following incre-
mental form of Eq.(5) to obtain Cp values during the shot:

Cp(t) = om/A det . (6)

where Am 1s an increment of mass output from the igniter added
to the non-vent vessel

T 1s the time interval

This analysis 1s performed on the igniter pressure-time trace
from the beginning to the end of the venting process. The
venting times, as determined from the vessel pressure (time
from zero pressure to maximum vessel pressureg, appear to
correspond to zero pressure-to-zero pressure times in the
igniter for the igniter shots studled so far,




NOLTR 62-189

2. Gaseous Equation of State, Ignition material combustion

products containing large amounts of non-gaseous materlals will
not behave as 1deal gases. Furthermore, at the high pressures
developed in the igniter, deviations from the perfect gas law may
occur, Therefore, a study was undertaken to determine with what
degree of approximation the ideal gas law could be applied to the
use of Ignition Materials B and C in the igniter.

A closed-bomb apparatus was used in this study. The bomd
was adapted from one used in a previous NOL ignition study (for
design detaills see Ref., 13)., Various-size metal plugs were made
to vary the bomb chamber volume, V,. Shots were made 1n which
the packing density (ratio of ignigion pellet weight, M, to
bomb chamber volume) was varied by using different comginations
of M, Vg and pellet sizes. A quartz pressure transducer was
used to monitor the bomb pressure,

The evaluation of the ideality of the combustion products
was made by analyzing the maximum pressures developed in the
bomb according to various "standard" equations of state., The
object was to determine which equation best "fit" the experimen-
tal pressure data,

To demonstrate the use of this method of analysis, the
bomb data obtained for a large number of shots using Ignition
Material B were analyzed, Shot conditlions were varied to gilve
maximum bomb pressures ranging from 25 to 670 atm, The follow-
ing equations of state were used in the evaluation of the
experimental data:

P = I Ideal (neglecting volums (7)
of ignition material)

P = ICA/l-"(A Co-Volume (8)

P = IEAC Exponential (9)

P =T+ E0° + FA°  Virtal (10)

where P 1s the bomb pressure
A is the packing density

is the co-volume value for the Ignition Material B
(29.8 in3/1bm)

I 1s an "impetus" of the ignition material
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E and F are gonstant coefficients (2,01 x 107 lbf-inu/

1om? and ~5.68 x 10 1bf-1n7/1bm?, respectively,
for Ignition Material .B)

¢ 1s a constant coefficient (1.295 for Ignition Material B)

The impetus values determined from the experimental data
will be different for each of these equations of state., For
purposes of analysis, Equations 7 through 10 were put in the
following general form:

P/p = £(I,n) (11)

The bomb data was then analyzed in terms of each of these P/A
equations. (The IBM digital computer was used for this
analysis) ‘The results are presented in Fig. 7 along with the
experimental data points. From this figure it 1s clear that the
Virial and not the ideal equation of state is the best fit of
the bomb data used.

However, because of heat losses that occur in the bomb,
more study was needed to confirm the above results. These heat
losses are most significant for the low-pressure shots. One
way to correct for the losses is to use a method suggested by
Sternberg (18). In-this method, the heat losses at any time are
assumed to be directly proportional to the rate of pressure
change occurring in the bomb. The proportionality constant for
this relationship can be derived from the "tail-off" portion of
the pressure trace; 1.e., the drop-off in pressure after the
maximum pressure is reached. (The maximum pressure corresponds
to the "burn-out" of the igniter pellets.) Preliminary work
has been done to program this heat-correction technique for
solution on the IBM computer.

3. Burning Rates, A study was made to determine the
burning-rate characteristics of ignition materlals used in the
ignition work. The primary objJect of the study was to determine
whether deviations from the standard, linear burning-rate law
occur as a result of the rapid pressure changes that take place
in the igniter. A secondary goal was to determine burning rates
at pressures not reported in the literature,

The closed-bomb apparatus discussed in the previous section
was used for the study. The bomb was operated at high maximum
pressures (>400 atm) to effectively eliminate heat losses to the
bomb walls during most of the shot. An analytical program
(coded for the IBM computer) has been constructed to compute
burning rates (r) as a function of pressure (P) and pressure
rate (dP/dt) from the bomb pressure-time data, the geometry of
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- the igniter pellets and the equation of state for the pellet
combustion products, Starting at zero pressure, the build-up

of pressure in the bomb over small time intervals (dt) is
related to the amount of ignition material that must be burned
to produce the pressure change. (For M2 material, the ideal gas
law is used in these calculations: for Ignition Materials B and
C, equationsof state derived in the preceding section will be
used). From the geometric relationships for the pellet shape,
the mass of 1gnition material consumed over the time interval is
related to the distance burned (dx) into the pellet.- In this
calculation, it 1s assumed that the pellets are burning unlform-
ly over the entire pellet surface., These analyses are performed
on the bomb pressure-time record from zero *to maximum pressure.
At maximum pressure it 1s assumed that the pellets have all been
consumed. For each time interval, the burning rate (r = dx/dt)
i1s related to the mean pressure and rate of pressure rise over
the interval,

To date only preliminary runs have been made with the
burning-rate program. Based on the results of these runs,
further refinement 1n the mechanics of the programming 1s
indicated.

C. EMPIRICAL CORRELATION

Pecause of the difficulties involved in developing a
"workable" theoretical igniter model (see Sections II, A and B),
1t was decided to attempt the development of empirical relation-
ships as an alternate means of predicting the igniter pressuriz-
ation. The maln goal was to correlate the maximum pressures,
(Pc)max’ developed in the igniter over a wide range of igniter

shot conditions.

Various igniter correlating parameters, and combinations of
parameters, were tried on the basis that the pressurization of
the igniter would display characteristics of both rocket and
closed-bomb internal ballistics. The best correlation found was:

b
(P )

= B(KA (12)

C)max
where K 1s equal to So/At’ the ratio of the initial pellet
area to the nozzle throat area

A 1s equal to MOAVF)O, the ratio of total pellet weight

to the free volume of the igniter (chamber volume minus
initial pellet volume)
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B is a coefficient, constant for a particular ignition
material

b 1s an exponent, constant for a particular ignition
material

The K factor 1s found in the steady-state relationship for
rockets:

1
P = (appSo/CDAt)—l__- n (13)
vhere a 1s the burning-rate coefficient of the propellant

n 1s the burning-rate exponent of the propellant

pp is the propellant density

CD is the nozzle discharge coefficient of the propellant

The A, or "packing-density" term, is analogous to that used in
the closed-bomb work. However, in the case of the igniter, the
volume of the pellets 1s significant compared to the igniter
chamber volume.,

The experimental shot data are presented according to
Eq. (12) in the log-log plots of Figures 8 (M2 material), 9
(Ignition Material Bﬂ and 10 (Ignition Material C). The data
of Tables 2, 3, and 4 were used to prepare these plots of

vs KA. The solid-line curve was obtalned by a least-

sq5a93§ analysis of the data, The dashed lines represent
standard errors-of-estimate limits of +2 from the least-squares
curve; that is, 95% of the data would fall between the dashed
lines for a normal Gaussian distribution.

III., DETERMINATION OF IGNITER OUTPUT

It has been mentioned that the "Hi-Lo" igniter functions
as a small rocket: thermal energy 1is produced in the combustion
chamber and, as the reaction products are expanded through the
nozzle, some of the thermal energy is converted into kinetic
energy. The effective use of the igniter as an ignition-energy
source depends on a knowledge of the thermal and kinetic energy
vented. In addition, an understanding of the nature of the
flame pattern assumed by the output 1s desirable. This section
will describe the theoretical and experimental methods used to
characterize the output in terms of the following parameters:

1, The quantity and rate of MASS vented
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2. The quantity and rate of THERMAL ENERGY vented
3. The EXIT VELOCITY of gaseous and non-gaseous products
4, The FLAME PATTERN of the vented products |

A, MASS OUTPUT

The characterization of the mass discharged from the
igniter during a shot will be discussed in terms of the quantity
vented and the rate of venting.

1, Quantity of Mass, The total quantity of mass (ME)
vented during a shot must be corrected for any loss of igniter
products by deposition of the products on the igniter parts
(combustion chamber, screen, nozzle), The deposited materials
are in the form of so0lids and condensed vapors of metals and
metal oxides.

In the case of Ignition Materials B and C, which pro-
duce large amounts of non-gaseous combustion products (see
Table 1), a significant loss of mass can occur under some shot
conditions, This was found to be as much as 30% by weighing the
igniter parts before and after a shot. Therefore, an accurate
prediction of ME for shots using these ignition materials is
complicated.

For M2 pellets, however, it was found that negligible
weight losses occurred - as was expected. Therefore, the quan-
tity of mass discharged during a shot i1s taken as the initial
mass charged to the igniter (Mo) minus any gas accumulated in
the combustion chamber,

2. Mass Output Rate. The mass output rate of the igniter
can be determined by both theoretical and experimental methods.
The theoretical method makes use of the theoretical model
described in Section IIA, The experimental studies consist of
two parts: one, a ballistic analysis of the measured igniter
pressurization; and two, an analysis of the measured pressure
and temperature developed in a non-vent vessel into which the
igniter is discharged. This last method serves as a "check" of
the other two methods.

a, Theoretical Model

The theoretical model (Section IIA) constructed to predict
the igniter pressurization can also be used to determine the
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mass output rate, - , during a shot, Ideally, the igniter shot
condition (M, K, A) can be fed into the compuger program based
on the model and the program will "print out" mg vs time data

for the shot. The term, ¢pA Py, in Eq, (4) is directly involved
in this computation.,

In practice, however, the theoretical prediction of output
is complicated by several factors, These have been discussed in
Section II, The development of a workable theoretical model
will depend on successful solution of these complications,

b. Measured Igniter Pressurization

The measured pressure-time history of an igniter shot 1s
analyzed according to the following standard ballistic equation
for large rockets:

By = CALPg (14)

In this method it 1s assumed that venting occurs simultan-
eously with the first appearance of pressure in the igniter;
that 1s, no appreciable hold-up of gases takes place prior to
venting, This assumption has been verified in studies made to
compare the response times of two synchronized pressure probes;
one in the igniter and the other in a short, non-vent vessel
into which the igniter 1is vented.

Some typical results obtained with the use of this method
are given in Fig. 11 for M2 shots. Plotted are the Mg V8 time

histories for a number of shots of different KA values, A mean

value of G, obtained by the method described in Section II Bl
was used tB make the calculations.

The determination of reliable m. data by this method
depends mainly on two factors: (1) no deposition of igniter-
product mass on the igniter parts, and (2) an accurate value of
CD and little or no deviation from the CD value throughout the
shot. In the case of M2 material, the first criteria is met
(see Section III Al). Studies involving the second factor are
described in Section II B2,

¢. Pressurization of a Non-Veﬁt Vessel

An experimental method is being developed to serve as a
check of the output rates predicted by the theoretical and
analytical techniques (described above), In this method .
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the output rate is calculated from the measured pressure and
temperature developed in a closed vessel into which the igniter
1s vented. The metal motor casing from the NOL research rocket
(10,2 cm ID) was converted into a closed vessel by "plugging"
the nozzle end. As the igniter vents into the vessel, the
pressure and temperature of the output In the vessel are con-
tinuously monitored with fast response pressure probes and
thermocouples placed at the inside-wall surface of the vessel,
The apparatus used 1s pictured in Fig. 12,

The pump shown in the photograph was used to pull a 0,03 atm
(0.9 in,) vacuum on the vessel prior to firing the igniter. The
reduced air content minimizes oxidation and thermal-mixing
effects between alr and the igniter output that can complicate
the interpretation of the pressure and temperature measured in
the vessel, In the initial design of the apparatus, all parts
of the vessel exposed to the igniter gases were covered with a
thin sheet of plexiglass to reduce heat losses to the walls, An
effort was made to minimize the amount of heat-transfer surface
exposed to the gases; however, 1t was realized that if the vessel
is made too small, the high pressures developed in the vessel
would perturb the igniter pressurization. Such perturbations
would be most likely to occur toward the end of the venting pro-
cess when the igniter pressure 1s rapidly approaching atmospheric
pressure and the vessel pressure 1ls nearing its maximum value.

A typical record (recording oscillograph) for a non-vent
motor shot 1s shown in Fig. 13. Pressure probes were placed in
the fore and aft ends of the vessel and in the fore end of the
igniter combustion chamber. In this shot, two fast-response
thermocouples were positioned about half way between the front
and back of the vessel,

The analysis of the translent pressure and surface-
temperature data for a shot consists of two steps: (1) conver-
sion of the surface-temperature data to static gas temperatures
and (2) conversion of the gas pressures and temperatures to
igniter output-rate data. A detailed description of the tech-
nique used to convert surface temperatures to static gas tem-
peratures will be covered in another technical report. Briefly,
two thermocouples are placed at the inner surface of the vessel
walls at the same axlal position from the igniter but at
slightly different radial positions (approx. 3°)., Thus, both
thermocouples "see" effectively the same heat-transfer
coefficlent and adiabatic wall temperature. The thermocouples
used are manufactured by NANMAC Corp. (9). They consist of two
thin ribbons of iron and constantan electrically insulated from
each other by thin sheets of mica and potted in a base (macrix)
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FIG. 12 A PHOTOGRAPH OF THE NON-VENT VESSEL
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material. For this study, different thermal-property maxtrix
materialsare used for each thermocouple resulting in different
energy-absorption and surface-temperature characteristics. The
surface-temperatures obtained from each thermocouple for a shot
are first used to determine the rate of energy absorbed by the
matrix materials. These data, in combination with the surface
temperature, are then used to calculate the adlabatic wall temp-
erature and the static temperature of the igniter gas.

Given the static temperature and pressure of the gas in
the vessel during a shot, the mass contained in the vessel at
any time, m(t), can be determined from the i1deal gas law and the
molecular weight of the igniter products.
\

m(t) = (P /T,)(M.W. x V/R) (15)

where Pg is the measured static gas pressure in the vessel
Tg is the calculated static gas temperature
V 1s the vessel volume

li.W. 1s the molecular weight of the gas
R is the ideal gas constant

The value of m(t) at the maximum vessel pressure (end of
venting) should be equal to the weight charged to the igniter,
Mo, provided mass is not lost in the igniter. Assuming ideal

and instantaneous mixing of the igniter output with the
previously vented gases, the change in mass, Am, in the vessel
over small time increments (r = 1,0 millisec) is equal to the
rate of mass output, Mg, from the igniter. That is:

me(t) = Am = m(t+r) - m(t) (16)
T

-

The end result of the analysis 1s a plot of EE vs time.

These data are independent of the heat losses or any other non-
ideal internal ballistics that might occur in the igniter. The
main sources of error in the technique will probably be in the
determination of the static gas temperature and in the assumption
that instantaneous mixing of gases occur in the vessel,

B. OUTPUT OF THERMAL ENERGY

1, General, Data on the thermal energy vented from the
igniter durIng a shot can be determined from a thermodynamic
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analysis of the production and expansion of combustion products
in the igniter. The thermal-energy characteristics of the
Products at vented conditions can be expressed in terms of an
'enthalpy" value, In the general case, this enthalpy will
depend on the thermodynamic properties of the products at the
exit conditions of the nozzle - that is:

hg = £(c;, Tps Pg) (17)

where hE is the specific enthalpy of the output

c. 1s the average heat capacity at constant pressure of
P the output

Tg 1s the temperature of the output (at the nozzle exit
plane)

PE is the pressure of the output

For an all-gaseous igniter output ("one-phase"), a simpli-
fied version of Eq. (17) can be used to obtain fairly accurate
values of hy, This involves the following assumptions: (1)
ideal gas behavior of the igniter products (ideal caloric and

aseous equations of state); (2) isentropic nozzle expansion;

3) constant composition of the flowing fluid ("frozen flow");
and (4) "full-flow" in the igniter nozzle; i.e., no separation
of the fluid from the nozzle walls,

In the case of an igniter output containing large amounts
of non-gaseous materials (e,g., products of Ignition Materials
B and C), an exact computation of the enthalpy 1s quite complex,
For example, some of the factors that must be considered are:
(1) thermal and velocity lags between gases and non-gases in
the fluid; (2) deposition of combustion products inside the
igniter; (3) phase changes; and (4) non-ideality of the igniter
products.

Because of the above complications, the discussion of
methods used to determine the quantity and rate of thermal
energy vented from the igniter will be restricted to one-phase
outputs (e.g., M2 products). The determination of these
parameters involves an analysis of the specific enthalpy based
on the temperature and specific heat of the igniter products.

a. Specific Enthalpy

The specific enthalpy of the igniter output can be deter-
mined from the change in enthalpy of the combustion products
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that occur between the entrance and exit of the igniter nozzle,
If i1t 1s assumed that the products behave as perfect gases and
are also calorifically ideal (i.e,, if the product heat capacity
does not change with temperature or pressure) the enthalpy -
change may be expressed as follows:

hg - by = ¢ (Tp - Tp) (18)

where hC is the specific enthalpy of the products 'in the
combustion chamber :

hE 1s the specific enthalpy at nozzle exit conditions
Tc is the combustion-chamber pressure of the products

Also
hg = op(Tg = Tp) | C (29)
hg = cp(Tg - Ty) | (20)
where Tb is the base or standard temperature = 25°C.

The assumption that the c¢_ for the M2 products 1s effec-

tively independent of pressure and temperature appears to be
reasonable, For example, it has been reported (20) that the
gaseous ¢, for JPN (a double-base composition similar to that

of M2) 1spessentia11y constant over a temperature range of from
1600 to 2800°C and a pressure range of from 1 to almost 700 atms.

b. Fluid Temperatures

For a perfect gas undergoing ldeal expansion, the tempera-
ture at the end of the expansion can be computed from the
following relationship:

: Yy -1
TE = TC(PE/PC) v (21)
where v i1s the specific heat ratio of the igniter products
Pc is the chamber pressure of the igniter

To further simplify Eq. (21) it can be assumed that T

remains constant during a shot, i.e., does not change appreciably
from its 1sobaric value. This assumption was verified by calcu-
lating the change in the T, that would result if the reaction
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products were isentropically expanded between the chamber free
volume prior to pellet ignition and the chamber volume at
"purn-out" of the pellets, For typical packing densities
(weight of pellets/initial igniter free volume), it was found
that T, would vary by only 2 or 3% during a shot,

If 1t is assumed that the nozzle "flows-full" throughout
the shot, then the ratio P./P, should remain constant during
the shot. Since TC is ef ctgvely constant, this means that
for a given nozzle“expansion ratio, TE also remains constant
during the shot.

2, Quantity of Thermal Energy. The quantity of thermal

energy discharged, qn, 1In a shot using M2 material can be deter-
mined from the folloﬁing relationship:

9 = Mg hg . (22)

where ME is the total quantity of igniter mass discharged
during the shot.

The determination of i1s described in the previous
section (III Al). For M2 miterial it was shown that c , Ty and

Tc-are essentially constant during a shot. It follows that hE

must also remain constant during the shot. Therefore, from
Equations (19) and (20)

hg hC(TE - Tb)/(Tc - Tb) ~ constant (23)

3, Thermal-Energy Output Rate, The rate at which thermal
energy 1s vented, a p gurIng a M2 shot can be determined from
data on the mass ou%put rate and a differential form of Eq. (22).

(] .

o = (do/dt)g = My .hy (24)
where &E is the mass output rate for the shot.

The determination of ﬁE was discussed in Section III A2,
Values of EE for each m_ can be computed from the specific
enthalpy of the shot determined from Eq. (23).

Values of aE calculated from Eq, (24) for some typical
M2 shots are given in Fig. 11. The mg data was obtained with
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the use of the method described under Section III A2b.
C. EXIT VELOCITY

Ideally, the exit velocity, V., for a DeLaval rocket nozzle
can be determined from the standard balllstic equations:

Vg = {,qu- m};}- Te [1 - (Pe/Pc)Y-l/YJ }% (23)

where

v 18 the specific heat ratlo
M.,W. 1s the average molecular welght of the igniter products

TC is the adlabatic, 1sobaric flame temperature of the
products :

R 1s the universal gas constant
Pc is the igniter chamber pressure
PE 1s the nozzle exit pressure

The ratio PE/P is completely determined when the nozzle expan-
sion ratio, AEﬁAt (exit-to-throat area), and y are fixed,

Eq. (23) 1s based on the assumptions that the fluid is of
constant chemical composition throughout the expansion process,
that the fluld behaves as a perfect gas, that the expansion
grocﬁss is isentropic and that the igniter nozzle is "flowing

ull”.

For an ignition material such as M2 that produces only
gaseous combustion products, the use of Eq. (23) is justified.
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